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The factors influencing the crosstalk of silicon-on-insulator (SOI) nanowire arrayed waveguide grating (AWG) are
analyzed using the transfer function method. The analysis shows that wider and thicker arrayed waveguides, outsider
fracture of arrayed waveguide, and larger channel space, could mitigate the deterioration of crosstalk. The SOI nanowire
AWGs with different arrayed waveguide widths are fabricated by using deep ultraviolet lithography (DUV) and inductively
coupled plasma etching (ICP) technology. The measurement results show that the crosstalk performance is improved by
about 7 dB through adopting 800 nm arrayed waveguide width.
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1. Introduction

In the past few decades, the rapid growth of large capac-
ity data service has dramatically promoted the development of
optical networks. Among the different kinds of optical compo-
nents in optical networks, silicon photonics is promising due
to its advantages of low cost, high stability and compatibility
with complementary metal oxide semiconductor (CMOS) pro-
cessing technology.!! In recent years, many devices based on
SOI have been demonstrated.”>! Among them, the arrayed
waveguide grating (AWG) is a key unit in silicon photonics
integrated components for wavelength multiplexing or demul-
tiplexing. Many studies based on SOI nanowire AWGs have
been reported. (08!

The nanowire waveguides used in SOI nanowire AWG
have high refractive indices, giving rise to strong modal con-
finement and very small bend radius.!>!% This results in the
fact that the SOI nanowire AWGs can be minimized to a size
on the order of um?. However, it induces a very high sensi-
tivity to fabrication tolerance, making it difficult to reduce the

crosstalk of SOI nanowire AWG.!'!] The methods of restrain-
13]

14]

ing crosstalk like a smaller mask grid, > parabolic tapers,|
bi-level taper and broadening arrayed waveguide width!
have been proposed, but there are no analyses in detail about
the influences on crosstalk.

In this paper, according to the transfer function method,
we analyze the factors influencing the crosstalk, such as width
variations, thickness variations, fracture of arrayed waveg-
uides and channel spacing. The experimental results demon-
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strate that it is an effective method to reduce crosstalk by
broadening the arrayed waveguide width.

2. Analysis and simulation

An SOI nanowire AWG is composed of input/output
waveguides, arrayed waveguides and input/output slab waveg-
uides as shown in Fig. 1. The length difference and effective
refractive index of adjacent arrayed waveguides are AL and
nc, respectively. The fluctuations of n. and AL will deterio-
rate the crosstalk of SOI nanowire AWGs. In order to analyze
this influence, the spectral response can be expressed as a sim-
ple transfer function!!3 on the assumption that the light input
into and output from its center input and output ports, are ex-
pressed, respectively, as

M 2 2
T = Z pg(j,O)xexpl%r[j(ncj x AL;+rad(a(j)))]| , (1)
j=—M
Loss(dB) = 10 x log,, T, 2)

where M is half the number of arrayed waveguides, pg(,0) is
the Gaussian mode field distribution of the j-th arrayed waveg-
uide, rad(a(j)) is the random fluctuation of n.; x AL and it
deteriorates the crosstalk performance. Here, the random fluc-
tuation of n¢, caused by the width or thickness fluctuations of
the j-th arrayed waveguides, are considered, equation (1) can
be simplified into
M o 2
T=|Y pg(j.0)x eXpiT[j(ncj +rad(ne;)) X AL;]| . (3)
j=—M
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Fig. 1. (color online) Schematic diagram of an SOI nanowire AWG.

2.1. Crosstalk analysis for AWG with width fluctuation of
waveguide

An SOI wafer with a 220-nm thick top silicon layer on a
2-um thick buried oxide layer is used for the AWG simulation.
Using Eq. (3), we analyze the effects of width fluctuation on
the crosstalk of SOI nanowire AWG, where the design param-
eters of SOI nanowire AWGs are listed in Table 1 according to
the diffraction equation of AWGs.

Table 1. AWG design parameters.

Parameters AWG (#1) AWG (#2)
Waveguide width/pum 0.5 0.8
Channel spacing/nm 1.6 1.6

The effective index of slab waveguide 2.847397 2.847397
The effective index of arrayed waveguide n 2.444148 2.68344541
Number of I/O channels 8 8

Radius of Rowland circle/pm 44.1056 77.4947
Difference of arrayed waveguides AL/um 23.4945 30.6531
Number of arrayed waveguides 39 39

The width fluctuation AW of arrayed waveguide can be
introduced in the etching process. We simulate this phe-
nomenon by the normrnd function in MATLAB, the AW av-
erage value is zero, the standard deviation is 0.001 and it cor-
responds to about +2 nm width fluctuation of arrayed waveg-
uide. The width fluctuation AW results in the fluctuation of n,
as shown in Eq. (3). To increase the reliability of the simu-
lated results, we repeat it 5 times under the conditions of the
same width fluctuations and choose the maximum of crosstalk.
Figure 2 shows the relationship between crosstalk and arrayed
waveguide width with the same fluctuation values. From this
figure, we can see that the crosstalk decreases with the increase
of waveguide width. This means that a wider width of arrayed
waveguide with the same fluctuation values can restrain the

crosstalk.
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Fig. 2. (color online) Simulated results of crosstalk for AWGs with
different waveguide widths.

To further analyze the influences of width fluctuations
on crosstalk, simulated spectra of SOI AWGs are shown in
Figs. 3(a) and 3(b), and the corresponding arrayed waveguide
widths are 0.5 um and 0.8 pum, respectively. The red curves

represent the spectral responses without width fluctuations,
while the other five curves refer to the spectral responses with
random width fluctuations. As shown in Figs. 3(a) and 3(b),
the crosstalk is about —65 dB in the ideal condition. Because
of the width fluctuations, crosstalks increase to —11 dB and
—25 dB for 0.5-pum and 0.8-um widths of the arrayed waveg-
uide, respectively.

0

—20

40}

Loss/dB

—60

i

1.540 1.545

1.550 1.555
Wavelength /um

/ \ (b)

{ /q\\ﬁqg X

1.560

—20F

IR QYa) /f\/
A

—40

Loss/dB

—60F

Al

1.540

1.550  1.555  1.560

Wavelength /pm

1.545

Fig. 3. (color online) Simulated spectra of SOI nanowire AWGs. (a) Arrayed
waveguide width is 0.5 um. (b) Arrayed waveguide width is 0.8 pm.
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The effective index n¢, as a function of the waveguide
width, is calculated using the film mode matching method, and
the results are shown in Fig. 4(a). It can be seen that the slope
coefficient dn./dW decreases with the increase of arrayed
waveguide width. The values are 1.3756/um and 0.359/pum at
0.5-pum and 0.8-um width of arrayed waveguide, respectively.
That means that the crosstalk of SOI nanowire AWGs with a
wider arrayed waveguide width are less sensitive to waveg-
uide width fluctuations in the fabrication progress. We infer
that broadening the waveguide width is beneficial to reducing
the crosstalk, which is in agreement with the reported results
in Ref. [16].
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Fig. 4. (color online) Dependences of waveguide effective index on (a)
waveguide width and (b) waveguide thickness.

2.2. Crosstalk analysis for AWG with thickness fluctuation
of waveguide

The fluctuation of SOI wafer thickness is inevitable dur-
ing wafer deposition, which will affect the crosstalk of SOI
nanowire AWG. At 0.5-um and 0.8-um widths of arrayed
waveguide, the relationships between crosstalk and arrayed
waveguide thickness at the same fluctuation values Ak are
shown in Fig. 5. The values of fluctuation Ak of arrayed
waveguide thickness are introduced using the same method as
that in Subsection 2.1, the standard deviation of Ak is 0.001
corresponding to 2 nm of the thickness fluctuation of arrayed
waveguide. We also conduct the simulation 5 times to guaran-
tee the dependability. As can be seen in this figure, as waveg-
uide thickness increases, the crosstalk gradually decreases.
This indicates that SOI nanowire AWG with a thicker thick-
ness of arrayed waveguide has better crosstalk performances.

Figures 6(a) and 6(b) show the simulated spectra of SOI
AWGs with 220-nm and 340-nm waveguide thickness, respec-

tively. The crosstalk is about —65 dB when there is no thick-
As the thick-
ness fluctuation is introduced, the crosstalks of SOI nanowire
AWGs soar to —3 dB and —14 dB for 220-nm and 340-nm
thickness of arrayed waveguide, respectively, as shown in the

ness fluctuation as shown in the red curves.

other five curves. Compared with that in Subsection 2.1, the
crosstalk is very sensitive at the same £2-nm thickness fluctu-
ations of arrayed waveguides.
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Fig. 5. (color online) Simulated results of crosstalk for AWGs with
different waveguide thickness.

—20

—40+

i

1.540 1.545

Loss/dB

—60

—80

1.550 1.555 1.560

Wavelength /pm

—20

—40+

Loss/dB

—60}

—80F

1.550 1.555 1.560

Wavelength /um

1.540 1.545

Fig. 6. (color online) Simulated spectra of SOI nanowire AWGs. (a) Ar-
rayed waveguide thickness is 220 nm. (b) Arrayed waveguide thickness
is 340 nm.

Figure 4(b) shows the relationship between the effec-
tive index n. and the waveguide thickness. It can be seen
that n. increases with the increase of waveguide thickness,
while the slope coefficient dn./dh decreases. That means that
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the crosstalk can be improved by selecting SOI wafer with a
thicker top silicon layer.

2.3. Crosstalk analysis for AWG with waveguide fracture

In the fabrication process, the fracture of the arrayed
waveguides may occur as shown in Fig. 1. The fracture of
the arrayed waveguide at different positions will result in dif-
ferent levels of influence on crosstalk. Figure 7(a) shows the
relationship between crosstalk and waveguide fracture posi-
tion. Figure 7(b) shows the simulated spectra of SOI AWGs
with the waveguide fracture in the 1st, 7th, 19th, and 25th ar-
rayed waveguides, respectively. It can be seen that the waveg-
uide fracture on the outside has less influence on crosstalk. As
the fracture position varies from the marginal arrayed waveg-
uide to the central arrayed waveguide, the crosstalk increases
and reaches a maximum of —22.5 dB at a fracture position of
the 20th arrayed waveguide. That is because the propagating
power is of a Gaussian profile, the power in the central waveg-
uide is maximal. The fracture in the central arrayed waveguide
will lead to a large optical power loss and poor crosstalk per-

formance.
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Fig. 7. (color online) (a) Relationship between crosstalk and waveg-
uide fracture positions. (b) Simulated spectra of SOI nanowire AWGs
at different waveguide fracture positions.

2.4. Crosstalk analysis for AWG with different channel
spacings
When the width of arrayed waveguide is 0.8 pm, we fur-
ther discuss the effects of width fluctuations on crosstalk for
SOI nanowire AWGs with different channel spacings as shown

in Fig. 8. From Fig. 8, we can see that the crosstalk decreases
with the increase of channel spacing. Figures 9(a) and 9(b)
show the simulated spectra of the SOI nanowire AWGs with
channel spacings of 0.8 nm and 6.4 nm, respectively. The cor-
responding crosstalks of AWGs with width fluctuations are
—21.5 dB and —34 dB respectively. The reason is that the
influence on crosstalk is determined by the fluctuation of n,
multiplied by AL. The larger the channel spacing, the smaller
the value of AL is, and the fluctuation of n, multiplied by AL
is smaller. So, the corresponding phase errors decrease and, as
a result, the crosstalk will be reduced accordingly. We can in-
fer that SOI nanowire AWG is more suitable for coarse wave-
length division multiplexing (CWDM) application.
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Fig. 8. (color online) Simulated results of crosstalk for AWGs with
different channel spacings.
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Fig. 9. (color online) Simulated spectra of SOI nanowire AWG. (a)
Channel spacing is 0.8 nm. (b) Channel spacing is 6.4 nm.
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3. Fabrication and measurement

Based on the above analysis, the SOI nanowire AWGs of
0.5-um and 0.8-pm arrayed waveguide widths are fabricated
with DUV and ICP technology. The basic parameters of the
AWG are consistent with the parameters in Table 1. Each the
devices is based on the wafer with a 220-nm-thick top sili-
con layer and a 2-um-thick buried oxide layer. The micro-
scope pictures of the fabricated AWGs are shown in Fig. 10.
AWG (#1) and AWG (#2) correspond to 0.5-pm and 0.8-pm
waveguide widths, respectively, where the broadening waveg-
uide width of AWG (#2) is only at the section of straight ar-
rayed waveguide to ensure less bend loss.

800 nm
500 nm

800 nm

Fig. 10. (color online) Microscope pictures of SOI nanowire (a) AWG (#1)
and (b) AWG (#2). Insets: the detail views of the bends in the arrayed
waveguide.

The characteristics of the AWGs are measured by us-
ing an amplified spontaneous emission (ASE), a polarization
controller, fiber alignment stages, and an optical spectrum
analyzer (Yokogawa AQ6370B). After performing chip dic-
ing and facet polishing, an ASE with a spectrum range of
1520 nm—1600 nm through a polarization controller is cou-
pled into the input waveguide of AWG, and then detected in
the output ports with a spectrum analyzer, by moving the out-
put fiber from one channel to the next after each wavelength
scan.

The measured spectra of AWG (#1) and AWG (#2) are
shown in Figs. 11(a) and 11(b) respectively. It can be seen
that the central wavelengths are deviated from the design val-
ues due to fabrication errors, the crosstalks of AWG (#1) and
AWG (#2) are about —8 dB and —15 dB, respectively. The
fluctuation of arrayed waveguide results in the fluctuations of
ne, thus degrading the imaging quality of the output waveg-
uide. By broadening the waveguide width, the crosstalk is ob-

viously improved. According to the discussion above, it can be
proved that it is effective to restrain the crosstalk by broaden-
ing the waveguide width, which is consistent with the reported

results in Ref. [16].
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Fig. 11. (color online) Measured spectra of SOI nanowire (a) AWG (#1)
and (b) AWG (#2).

4. Conclusions

In this paper, the crosstalk of SOI nanowire AWG is an-
alyzed theoretically and experimentally. The factors influenc-
ing the crosstalk are investigated in detail by using the transfer
function method. The theoretical results indicate that wider
and thicker arrayed waveguides, outsider fracture of arrayed
waveguide, and larger channel spacing could mitigate the de-
terioration of crosstalk. AWGs with different arrayed waveg-
uide widths are fabricated. The experimental results show that
SOI nanowire AWG has a crosstalk improvement of 7 dB by
broadening the arrayed waveguide width.
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